The purpose of this study was to experimentally evaluate the effects of nutrient ratios and nutrient concentration (NC) on periphyton biomass using water from 4 Irish streams. Stream water nitrogen to phosphorus (N:P) ratios were manipulated (high >50, medium 15-30, low <10) and crossed with 3 different NCs over a 2-week period. Algal biomass as chlorophyll a (Chl-a) showed variable response to the treatments compared to the control in 3 streams and no response to the treatments in the forth stream. The 3 streams showed significant interaction between N:P ratio and NC. Periphyton response to the NC treatments and N:P ratio was varied; 2 streams had a significant response to both NC treatments and N:P ratios. In these 2 streams Chl-a was positively correlated to dissolved inorganic N but not to soluble reactive P, indicating N limitations despite the high N:P ratio from the ambient stream water. The third stream showed a significant response to NC and was again co-limited by N and P. The results suggest that nutrient ratio has no real application in predicting nutrient limitation in flowing water. Furthermore, the results highlight the importance of considering N in the potential for eutrophication.
Introduction
Periphyton growth can be limited by nitrogen (N) and phosphorus (P), either separately or combined, as well as other factors including trace elements, light, and temperature (Horne and Goldman 1994) . Given the widespread problem of eutrophication in freshwaters globally (Vitousek and Howarth 1991) , it is imperative that we gain an understanding of the role of N and P, both singularly and in combination, in this process so that effective measures as required by the Water Framework Directive (WFD 2000/60/EC; European Parliament and Council 2000) can be applied. To date, most remediation efforts have focused on management of P inputs with little consideration of N. Results from bioassays conducted in North American freshwaters by Elser et al. (1990) indicated that algal growth was much more frequently enhanced by the combination of N + P enrichment than by either N or P additions alone. A literature review by Tank and Dodds (2003) of 187 bioassays using nutrient diffusing substrata (NDS) also found frequent (41%) occurrence of co-limitation, and some 25% of bioassays showed no response to both nutrients, while the response to P and N alone occurred in 22 and 12% of bioassays, respectively.
The nitrogen to phosphorus ratio (N:P), originally developed for marine waters, has been used as an index (Redfield ratio; Redfield 1958) to represent nutrient limitation of algal growth (Hecky and Kilham 1988) , and this concept has been confirmed by some researchers when applied to freshwaters (Morris and Lewis 1988, Hecky et al. 1993) . Most studies since then propose values <16 as representing N-limiting conditions whereas higher values suggest P limitation, although the boundary values in the literature are highly variable. For example, the Organisation for Economic Co-operation and Development (OECD 1982 , cited in Maberly et al. 2004 ) proposed a molar dissolved inorganic N to soluble reactive P ratio (DIN:SRP) <16 for N, and P limitation at DIN:SRP > 33:1 in lakes. Also working on lakes, Guildford and Hecky (2000) suggested a broader range with N limitation occurring at a total N to total P (TN:TP) ratio of <20, and P limitation at TN:TP >50, while Axler et al. (1994) suggested DIN:TP <4 (by weight) for N-limiting conditions. Furthermore, it is not clear from the literature what occurs at intermediate ratio values.
The Redfield ratio has not been widely addressed in studies on streams; however, from the limited literature on the subject its value in predicting limiting nutrients seems questionable. Some researchers have confirmed the validity of the N:P ratio in lakes (e.g., Alxler et al. 1994 , Kahlert 1998 , Guildford and Hecky 2000 . In contrast, several studies reported that DIN:SRP was of limited use in predicting which nutrient would be most limiting in flowing water (e.g., Lohman et al. 1991 , Francoeur et al. 1999 , Wold and Hershey 1999 , Stelzer and Lamberti 2001 , Tank and Dodds 2003 . Part of the problem is that nutrient limitation of periphyton biomass in lotic habitats can be temporally and spatially varied within a small regional scale (Wold and Hershey 1999) , and overall nutrient concentrations are also likely to be important in the response to nutrient limitation (Bothwell 1985) . Again, few studies have considered the effects of both nutrient concentration and ratio in the eutrophication process; the principal studies include Stelzer and Lamberti (2001) and Rier and Stevenson (2006) in the United States.
The paucity of studies may be due to the challenge of manipulating both nutrient concentrations and ratios in the field, with most studies relying on artificial streams or flumes. Various designs and sizes of artificial streams have been used over the last 30 years (Lamberti 1993) . Those employing artificial streams to test nutrient limitation include Stockner and Shortreed (1981) , Stelzer and Lamberti (2001) , Sharifi and Ghafori (2005) , and Rier and Stevenson (2006) .
The present study contributes to the limited body of knowledge on the effect of nutrient ratios and concentrations on algal biomass in small streams. An earlier study using nutrient diffusing substrata in the same streams as the present research suggested that co-limitation by both N and P is common in Irish streams, and that P did not seem to be the sole limiting nutrient for algal biofilm during the early growing season (Elsaholi et al. 2011) . In contrast to the artificial stream set-up in the present study, the nutrient diffusing substrata did not permit manipulation of nutrient concentrations, and exclusion of grazers could not be guaranteed.
In this study we manipulated N:P ratios and inorganic N and P concentrations in artificial streams filled with water from 4 Irish streams. The following hypotheses were tested: (1) N:P ratios are an important indicator of nutrient limitation and have a significant effect on periphyton biomass; (2) nutrient concentration has a major effect on biomass regardless of ratios.
Methods

Experiment 1
The experiment was conducted in 30 (10 treatments × 3 replicates) plastic artificial streams (100 cm long × 14 cm wide × 15 cm high) that were set-up outside without shading on the roof top of the School of Biology and Environmental Science building, University College Dublin. Four study streams on the east coast of Ireland were chosen as sources of water for the experiments on the basis of having consistently good (or higher) quality ratings in recent years (Vartry, Glencree, Derry, and Redcross; described in Elsaholi et al. 2011) , with generally low nutrient concentrations (NCs; P < 0.01 mg/L P; N < 1.75 mg/L N). Water was collected from these streams in polyethylene drums and transferred to the laboratory within an hour to supply each artificial stream with 13 L of water. Water in the channels was recirculated to generate a slow constant flow rate of 0.9 L/s. Natural stream water was used on the basis that it would have the range of micronutrients to support periphyton growth, and that the only potential effects on growth would be the macronutrient treatments imposed.
Four replicate fritted glass disks (2.6 cm diameter), routinely used as substrata for periphyton growth (Marcarelli et al. 2009 , Johnson et al. 2009 ), were placed on the bottom of the channels as substrates for periphyton colonization. To inoculate the channels with algae, cobbles were collected from the each study stream and scraped with a brush into a container of water. The water containing the scraped algae was filtered through a 100 µm mesh, and an equal volume of 20 mL of the filtrate containing algae was added to each channel.
Three N:P molar ratios (high >50, medium 15-30, low <10) were combined with 3 different NCs, yielding 9 treatments plus a control in each stream (Table 1) . The nutrients were added as solutions of sodium nitrate (NaNO 3 ) and potassium phosphate (KH 2 PO 4 ), as undertaken by Stelzer and Lamberti (2001) . Three replicates of each treatment were set up, and the experiment was run over a 2-week period from late July to early October 2010 because only 30 stream channels could be accommodated at any one time. The aim was to achieve a gradient in both P and N in all ratio bands, but this was The effect of nutrient concentrations and ratios on periphyton biomass in low conductivity streams constrained by the need to achieve a particular nutrient ratio as well as the ambient NC. A similar constraint was highlighted by Stelzer and Lamberti (2001) . The stream water chemistry was examined at the commencement of the experiment (Table 2 ). Water temperature in the streams was measured every 2 days during the experimental period with a handheld thermometer. At the end of this period the glass disks were analyzed for chlorophyll a (Chl-a) by spectrophotometry (HMSO 1983 ) following extraction in hot ethanol. Algal biomass is commonly expressed as Chl-a, biovolume, or ash-free dry mass matter; however, Chl-a has been the preferred and only measurement reported in several publications (Tank and Dodds 2003 , Carey et al. 2007 , Volk et al. 2008 , Toetz and Payton 2010 . Ratios of N:P were determined as DIN (nitrate + ammonia because nitrite was consistently below the detection limit in the study streams) divided by SRP in molar quantities. QuikChem method 10-155-01-1-A flow injection analysis was used to determine SRP where the detection limit was 0.01 mg/L P. NCs and ratios were checked every 2-3 days throughout the experimental period by collecting 10 mL of water sample for each from the channels for analyses. Based on the results, adjustments in NCs were made to maintain the treatment values.
Differences in Chl-a among treatments were analysed using a 2-factor (ratio and concentration) ANOVA conducted in Primer version 6.1.12 and Permanova+ version 1.0.2. Data were tested for normality and transformed where necessary. Pearson correlation analysis in the SPSS package (Version 18, SPSS Institute Inc.) was used to evaluate the correlation among periphyton biomass (Chl-a), NCs, and N:P ratio.
Experiment 2
Experiment 2 was conducted to confirm some of the results obtained from experiment 1 in early July 2011, specifically the relationship between N and P concentrations and periphyton biomass. The same channel design was used with water from just 2 of the low conductivity streams, Vartry and Glencree. The SRP and DIN concentrations were manipulated to give a gradient typical of the range encountered in streams impacted by eutrophication in Ireland and to include a control, which was ambient stream NCs.
Results
At the commencement of the experiment the water collected from the 4 streams had ambient NCs (Table 2) indicative of P-limiting conditions (DIN:SRP ratio values from 48 to 175). Mean stream water pH values were 6.1-7.7. Ambient P concentrations in all studied steams water were generally low (≤0.01 mg/L P), but the Redcross stream had higher SRP (0.035 mg/L P) than the other sites (Table 2) . Water temperatures in the artificial streams during the incubation period ranged from 11 to 20ºC in all experiments and were consistent across treatments on any one date. There was no shading of the channels, so light limitation was not an issue.
The response to nutrient ratio and concentration was variable across the 4 streams. Results indicated that periphyton biomass as Chl-a showed a different response to the treatments compared to the control in 3 streams and no response to the various treatments in the fourth stream (Derry), where control values were similar or higher than the treatments (Fig. 1) . In the 3 streams where a response was detected, the 2-way ANOVA highlighted variable responses to the 2 factors: N:P ratio and NC. With the Vartry water, the response to both N:P ratio (F 2,99 = 5.1, P < 0.05) and NC (F 2,99 = 3.96, P < 0.05) was significant, and a significant interaction between both factors was detected (F 4,99 = 10.2, P < 0.05). All 3 NCs within the high ratio band had a significant effect on Chl-a values; no similar effect was detected at the medium ratio, while at the low ratio only the first concentration evoked significant algal growth.
The Glencree stream water also showed a significant effect of NC (F 2,80 = 75.04, P < 0.05) and N:P ratio (F 2,80 = 197.85, P < 0.05), and again there was a significant interaction between the 2 factors (F 4,80 = 7.88, P < 0.05). Within the high and low ratio bands the Chl-a values were significantly different between the 3 levels of NCs, but only concentration 3 (M3; Fig. 1 ; Table 1 ) evoked a significant response within the medium ratio band. The Chl-a values within the high ratio band were 3 times higher than in the low ratio, representing the highest algal response in the experiment. A similar significant N:P ratio × concentration interaction and response to NC was detected within the 3 ratio bands in the Derry river water (F 4,110 = 8.6, P < 0.05), but as previously mentioned, the Chl-a values were not significantly higher than the control. The Chl-a values in the Redcross stream showed a significant response to all NC treatments (F 2,110 = 5.04, P < 0.05), and again a significant interaction between N:P ratio and NC (F 4,110 = 5.13, P < 0.05) was detected, but within any ratio band there was no clear pattern of response to the nutrient gradient, and there was no significant response to different ratios (P > 0.05).
The algae response to increasing NC was evident in 3 of the streams (Glencree, Redcross, and Vartry). Further analysis showed Chl-a was significantly positively correlated to DIN in 2 streams and N:P ratio in 1 stream (Redcross) but negatively correlated to SRP in all 3 streams, albeit insignificant (Table 2 ). In terms of P, the results suggest that there was an initial response to P at low concentrations, but above 0.15 mg/L P there was no further increase in algal growth in the given conditions.
Results from experiment 2 largely mirrored the results obtained from experiment 1 in the Vartry and Glencree streams (Fig. 2) where Chl-a values were significantly positively correlated with the DIN gradient in both streams (Table 3) .
Discussion
Results from previous work on the same 4 streams in Ireland using nutrient diffusing substrata (Elsaholi et al. 2011 ) and other published works (Lowe et al. 1986 , Rosemond et al. 1994 , Mosisch et al. 2001 , Carey et al. 2007 ) strongly suggest that light is the primary factor limiting the growth of periphyton in lotic systems but that nutrients are also important. Our results demonstrate that in the 4 studied Irish streams, the response of the periphyton biomass to nutrient addition in different concentrations and ratios was variable. Periphyton biomass (as Chl-a) values reported in this study after 2 weeks (0.4-8.4 µg/cm 2 ) were lower than values reported in the field experiment (4-35 µg/cm 2 ) using nutrient diffusing substrata (Elsaholi et al. 2011 ) but were within the range of values reported by previous researchers. In a study of concentration effects of inorganic N on biomass accrual of periphyton in a subalpine stream in Colorado, Toetz and Payton (2010) reported Chl-a values ranging from 0.76 to 1.6 µg/cm 2 during 2008 and 2009. Tank and Dodds (2003) recorded Chl-a values between 1 and 13.2 µg/cm 2 after 3 weeks of using NDS in 10 North American streams. Using artificial streams Sharifi and Ghafori (2005) reported Chl-a values ranging from 0.2 to 6.4 µg/cm 2 . Nutrient limitation was observed in 3 streams during the experimental period where periphyton biomass showed significant response to all treatments compared to the controls. The one exception was the Derry stream water where the biomass was not limited by either P or N, and responses to all treatments were similar or less than the control values despite this stream having a low ambient NC similar to the other sites with observed nutrient limitation. This finding suggests that other factors may be limiting algal growth in this stream. Both light (Hill 1996, Bernhardt and Linkens 2004) and temperature (Bowman et al. 2007 ) can limit growth, but in this experiment light and temperature were similar across the treatments and stream channels. Interestingly, similar cases of nonnutrient limitation have been reported by other researchers. Dodds and Welch (2000) and Tank and Dodd (2003) in their reviews of nutrient enrichment experiments reported reasonable numbers of nonnutrient limitation cases. A study of 10 headwater streams in Oklahoma reported that 6 of 10 study sites were not limited by nutrients (Ludwig et al. 2008) . Similarly, some 75% of the 72 streams examined from 8 different North American ecoregions were not nutrient limited (Johnson et al. 2009 ). The reasons for the lack of response to nutrient addition were not always discussed, but Johnson et al. (2009) suggested that carbon can act as limiting factor, and in a nutrient enrichment bioassay in a lowland Costa Rican stream, Pringle et al. (1986) found significant periphyton response to micronutrient treatment combinations (Fe, B, Mn, Zn, Co, Mo, EDTA) compared with a weak response to the major nutrients N and P. In the present study, water from the 4 study streams were analysed for a range of micronutrients, and the only differences between the Derry stream and the other waters was its lower concentrations of iron, copper, and zinc, which have been reported in the literature to limit algal growth (Petersen 1982 , Naito et al. 2006 .
The 4 streams used in this study would be considered low nutrient systems. The ambient DIN ranged from 0.28 to 0.87 mg/L N and SRP ranged from <0.01 to 0.04 mg/L P. We expected algal growth to be strongly P limited based on the high ambient N:P ratios, but results did not support this expectation. The 3 systems that showed a response seem to be co-limited by P and N. For example, in both the Vartry and Glencree streams, the highest algal biomass was achieved in the high N:P ratio treatment, whereas decreasing the DIN:SRP ratio by increasing SRP concentrations in the water did not enhance algal growth. Our results are consistent with the few published studies that have shown N limitation in streams despite a high N:P ratio. Stelzer and Lamberti (2001) in their study in the Maple River using artificial streams demonstrated that periphyton biomass was N limited even when the river water was characterized by a high DIN:SRP ratio of 84.3. Dodds and Welch (2000) in a study establishing nutrient criteria in streams stated that "mean and maximum benthic chlorophyll correlated better with total N (TN) than total P (TP) in the water column in several hundred of the streams." Collectively these data indicate that nutrient ratios may have little value in predicting nutrient limitation in flowing water.
In terms of overall response to the N and P nutrient gradient, 2 of the streams (Vartry and Glencree) showed a clear response to N. This relationship between algal Table 3 . Coefficients of the Pearson correlation between Chl-a biomass, nutrient concentrations, and N:P ratio. biomass and NC (particularly DIN) is supported by number of studies including Biggs (2000) and Chetelat et al. (1999) .
The additive effects concept as described by Grimm and Fisher (1986) and Elser et al. (1990) proposes that where N and P are in short supply, enrichment of one without the other produces a slight growth response until the other becomes depleted. Thus, a significant growth occurs only when both nutrients are supplied. This may have occurred in the present study streams where P addition at concentration around 0.15 mg/L P slightly enhanced algal growth, thereafter creating co-limitation or P as a secondarily limiting nutrient at low concentrations in our streams, as widely reported by several researchers (e.g., Pringle and Bowers 1984 , Grimm and Fisher 1986 , Carey et al. 2007 , Marcarelli and Wurtsbaugh 2007 . Based on our ambient DIN and the findings of previous studies in similar systems, the significant role of N in terms of controlling algae biomass was predictable. Grimm and Fisher (1986) reported that in waters with background N concentration ≤0.055 mg/L N, addition of N can stimulate algal growth. Later, Lohman et al. (1991) suggested that nitrogen limitation can occur at up to 0.1 mg/L N of ambient N concentration. This finding clearly has implications for the management of nutrients in streams with low ambient N.
The study using water from the Redcross stream showed a nonsignificant response to the nutrient gradient, although the growth was higher than the controls (unlike the Derry stream). Similarly, Volk et al. (2008) reported no response to different NCs in study streams in Western Washington State, a result that may be explained by the concept of saturation where NC exceeds the maximum that would saturate algal growth (Munn et al. 1989 ). Furthermore, the higher ambient concentrations in this stream may not have allowed us to detect subtle changes at low NCs because the applied DIN concentration in this stream was higher than in other streams.
The prevalence of co-limitation by N and P may occur due to the different species within the phytobenthos matrix having different requirements and therefore both nutrients may limit the whole community response (Hecky and Kilham 1988) . So in predicting the likely response to nutrient enrichment, one may have to consider the composition of the periphyton community at ambient NCs.
Conclusions
The results largely mirror the finding from the initial field experiments (Elsaholi et al. 2011 ) and indicate variable limitation by both N and P, apart from the Derry Stream where another limiting factor remains unidentified. An unexpected finding is that in a low nutrient environment the addition of even a small amount of N is likely to evoke a large increase in algal growth. In terms of the utility of N:P ratios for detecting the type of nutrient limitation, the results suggest that many systems may be co-limited and that simple N:P ratios may not adequately reflect this. In predicting the likely response to nutrient enrichment, one may have to consider the composition of the periphyton community at ambient nutrient concentrations.
